The properties of glycine receptors (GlyRs) depend upon their subunit composition. While the prevalent adult forms of GlyRs are heteromers, previous reports suggested functional ␣ homomeric receptors in mature nervous tissues. Here we show two functionally different GlyRs populations in the rat medial nucleus of trapezoid body (MNTB). Postsynaptic receptors formed ␣1/␤-containing clusters on somatodendritic domains of MNTB principal neurons, colocalizing with glycinergic nerve endings to mediate fast, phasic IPSCs. In contrast, presynaptic receptors on glutamatergic calyx of Held terminals were composed of dispersed, homomeric ␣1 receptors. Interestingly, the parent cell bodies of the calyces of Held, the globular bushy cells of the cochlear nucleus, expressed somatodendritic receptors (␣1/␤ heteromers) and showed similar clustering and pharmacological profile as GlyRs on MNTB principal cells. These results suggest that specific targeting of GlyR ␤-subunit produces segregation of GlyR subtypes involved in two different mechanisms of modulation of synaptic strength.
Introduction
Heterogeneity of receptor subtypes dramatically enhances the capacity of synapses to transmit complex signals. The diversity of receptors in the CNS is generated in several ways, including expression of multiple genes encoding different forms of receptor subunit or alternative splicing during transcription (Schofield et al., 1990) . GABA and glycine, the main inhibitory transmitters in the CNS, mediate their effects through the Cys-loop family of ionotropic receptors, and are characterized by a diversity of subunits (Lynch, 2004) . Glycine receptors (GlyRs) are pentamers formed by ␣1-4 and ␤-subunits and their splice variants; properties of GlyR-ion channel complexes are strongly influenced by their subunit composition Lynch, 2004; Webb and Lynch, 2007; Legendre et al., 2009 ). Individual receptor subtypes show differential regional distribution and developmental expression in the CNS. GlyRs formed as heteromers of two ␣-subunits and three ␤-subunits cluster at postsynaptic sites due to interactions between the ␤-subunit and gephyrin (Kneussel and Betz, 2000a; Grudzinska et al., 2005) , and likely represent most of the GlyRs in the adult CNS (Lynch, 2009 ). In the absence of ␤-subunit, ␣-subunits can still form functional GlyRs (Betz and Laube, 2006) , as shown in embryonic neurons (Flint et al., 1998) . There is, however, only sparse evidence for the existence of ␣-homomeric receptors in the mature mammalian CNS (Deleuze et al., 2005) . Moreover, the segregated distribution of homomeric and heteromeric GlyRs into cellular compartments of neurons still awaits confirmation (Lynch, 2009) .
Glycinergic transmission plays an essential role in the superior olivary complex (SOC) of the auditory brainstem. The nuclei of the SOC use glycine-mediated signals for encoding interaural intensity differences that form a basis for sound source localization (Kandler and Gillespie, 2005; Grothe et al., 2010) . Glycinergic principal neurons of the medial nucleus of trapezoid body (MNTB) represent a critical component of the SOC. They receive giant glutamatergic axon terminals (calyces of Held) from globular bushy cells (GBCs) located in the contralateral cochlear nucleus and convert the excitatory signals to inhibitory signals directed to other SOC nuclei (Oertel, 1999; Schneggenburger and Forsythe, 2006) . The calyx of Held synapse thus works as a relay suited to providing reliable inhibitory signals (Borst and Soria van Hoeve, 2012) . Interestingly, the generation of those signals is itself subject to modulation by glycinergic transmission (KoppScheinpflug et al., 2011) . Glycine released from inhibitory fibers exerts its effects in the MNTB via presynaptic and postsynaptic GlyRs. Presynaptic receptors mediate slow potentiation of glutamate released from the calyx while postsynaptic receptors mediate fast postsynaptic inhibition (Banks and Smith, 1992; Turecek and Trussell, 2001; Awatramani et al., 2004 Awatramani et al., , 2005b Price and Trussell, 2006) . The differences in the kinetics suggest that gly-cine operates on two pharmacologically distinct receptor populations. Here, we show that physiological functions of presynaptic and postsynaptic GlyRs in the rat MNTB correlate with their subunit composition. We propose that the segregation of GlyR subtypes to presynaptic and postsynaptic compartments might reflect a common strategy for refining the capacity of glycine to modify excitation at synapses.
Materials and Methods
Slice preparation. For electrophysiology experiments, coronal or parasagittal brainstem slices were prepared from P12-P18 Wistar rats. Animals were decapitated in accordance with Animal Protection Law of the Czech Republic (compatible with European Community Council directives 86/ 609/EEC). The brains were excised in ice-cold low Ca 2ϩ artificial CSF (aCSF) containing the following (in mM): 125 NaCl, 2.5 KCl, 2.5 MgCl 2 , 0.1 CaCl 2 , 25 glucose, 1.25 NaH 2 PO 4 , 25 NaHCO 2 , 0.5 ascorbic acid, 3 myo-inositol, and 3 sodium pyruvate; gassed with 5% CO 2 /95% O 2 to pH 7.3. Slices (250 -280 m thick) were cut in the low Ca 2ϩ aCSF using a VT1200S vibratome (Leica), incubated at 37°C for 30 min and then stored at room temperature (21-23°C) in a standard aCSF in which the concentrations of MgCl 2 and CaCl 2 were 1 and 2 mM, respectively.
For light microscopy experiments, adult Wistar rats (P57-87, n ϭ 48) were deeply anesthetized with ketamine-xylazine (100 mg/kg, 16 mg/kg body weight, i.p.) and perfused transcardially with 0.9% saline followed by 0.1 M phosphate buffer (PB; pH 7.4) containing 4% (w/v) paraformaldehyde (PFA). After the perfusion, the brains were washed in PB several times and coronal or parasagittal slices of brainstem (300 m thick) were cut in PB and postfixed. The sections were then cryoprotected in graded sucrose solution (10, 20, and 30 w/v, respectively) . Sections (25 m thick) were cut by a cryostat CM 3050S (Leica), mounted onto Superfrost slides, and stored at Ϫ20°C. For immunoelectron microscopy, deeply anesthetized adult male Wistar rats (n ϭ 8) were perfused transcardially with 0.9% saline followed by fixative containing 4% (w/v) PFA, 15% (v/v) picric acid (saturated aqueous solution; 1.3% in H 2 O), and 0.05% (v/v) glutaraldehyde in 0.1 M PB. Brains were excised, washed in PB, and 50-m-thick coronal sections were cut using a VT1000S (Leica) tissue slicer. For in vitro retrograde axonal tracing, brainstem tissue blocks containing MNTB and anteroventral cochlear nucleus (AVCN) were cut in the low Ca 2ϩ aCSF. Ten percent biotin dextran amine (BDA; 10,000 MW; Invitrogen) solution was pressure injected into the midline at the ventral side of brainstem (AVCN bushy cells labeling) or into the ipsilateral lateral superior olive nucleus (MNTB principal cells labeling) using a borosilicate glass micropipette (tip diameter 15-20 m). The latter allowed us to distinguish dendrites from axon in MNTB neurons. The blocks were then incubated in the HCO 3 Ϫ -based aCSF for 6 h at room temperature, fixed with 4% (w/v) PFA in 0.1 M PB at 4°C overnight.
Immunohistochemistry for light microscopy. Coronal or parasagittal sections were incubated overnight in PB containing 5% (v/v) Chemiblocker (Millipore Bioscience Research Reagents), 1% Triton X-100 (v/ v), 0.1% NaN 3 (w/v), and primary antibodies. We used mouse primary antibodies raised against GlyR ␣1-subunit (mAb2b; dilution 1:1000, Synaptic Systems), gephyrin (mAb7a; 1:200, Synaptic Systems), and Rab3a (1:250; Synaptic Systems); rabbit primary antibodies anti-GlyR ␣1 (1:600; Synaptic Systems), anti-GlyR ␣1/␣2 (1:1000; Abcam), anti-GlyR ␣2 (1:150; Santa Cruz Biotechnology), anti-vesicular GABA transporter (1:500; Synaptic Systems), anti-calretinin (1:200; Invitrogen), anticalbindin D-28k (1:250; Swant), and goat anti-GlyR ␣3 (1:150; Santa Cruz Biotechnology). Slices were then washed and incubated for 2 h with secondary antibodies conjugated to either Alexa Fluor 488 (Invitrogen) or to CY3 (Jackson ImmunoResearch Laboratories). Slices labeled with BDA were incubated with streptavidin conjugated to Alexa Fluor 488. Coverslips were mounted with Aqua Poly/Mount (Polysciences). Incubation with primary antibodies was omitted for control slides. Images were taken using a confocal microscope Leica TSC-SP1 and analyzed by Leica confocal software 2.5 or using Olympus FluoView FV-300 and analyzed by FluoView software.
Pre-embedding immunoelectron microscopy. Brainstem sections (50 m) were cryoprotected in a solution containing 25% (w/v) sucrose and 10% (v/v) glycerol in 50 mM PB. The sections were freeze-thawed and incubated in a blocking solution containing 20% (v/v) Chemiblocker in 50 mM Tris-buffered saline (TBS; pH 7.4) for 4 h, followed by incubation with the primary antibodies diluted in TBS containing 5% (v/v) Chemiblocker overnight at 4°C. We used primary antibodies raised against GlyR ␣1 (mAb2b, 1:500; rabbit, 1:800), gephyrin (mAb7a; 1:200), and vesicular glutamate transporter 1 (vGluT1; guinea pig, 1:800; Synaptic Systems). The sections were then incubated with a mixture of biotinylated goat anti-guinea pig IgG antibody (Jackson ImmunoResearch Laboratories) and goat anti-rabbit IgG or goat anti-mouse IgG antibodies coupled to 1.4 nm gold particles (Nanoprobes) overnight at 4°C. After several washes in 25 mM PBS, the sections were postfixed in 1% (v/v) glutaraldehyde in PBS. Silver enhancement of the gold particles was performed using HQ Silver Enhancement kit (Nanoprobes). Subsequently, sections were incubated in the ABC Kit (Vector Laboratories). The peroxidase-labeled sections and the gold-silver-labeled sections were treated with OsO 4 (1% in 0.1 M PB), stained with 1% (w/v) uranyl acetate, dehydrated in graded series of ethanol and propylene oxide (Polysciences) and flat-embedded in epoxy resin (Durcupan ACM; SigmaAldrich). After polymerization, 70 -80 nm sections were cut using an ultramicrotome Reichert Ultracut S (Leica). The slices were examined using the LEO 906E transmission electron microscope (Zeiss) and images were acquired and analyzed by BioVision/VarioVision 3.2 software (Soft Imaging System; Olympus).
Electrophysiology. During recording, slices were perfused with the standard aCSF (ascorbic acid, myo-inositol, and sodium pyruvate were omitted) bubbled with 5% CO 2 / 95% O 2 or HEPES-based solution containing the following (in mM): 145 NaCl, 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 25 glucose, 10 HEPES, pH 7.3, bubbled with O 2 . Neurons were viewed using a Zeiss Axioskop FS2-plus with differential interference contrast optics and a 60ϫ water-immersion objective. Postsynaptic principal cells in the MNTB were identified by their typical morphology (spherical cells, diameter ϳ15-20 m), their ability to generate an EPSC and, upon steady depolarization in current-clamp, a single action potential. Presynaptic terminals were filled with Lucifer yellow in each case and identified visually as a calyx surrounding the MNTB principal cell (Forsythe, 1994; Turecek and Trussell, 2001 ). For recordings from GBCs, parasagittal slices including the AVCN were prepared. Bushy cells were identified as oval cells with eccentric nuclei and a single bushy dendrite observed when labeled with Lucifer yellow in recording pipette or retrogradely with Alexa Fluor 488 dextran conjugates injected into the medial border of the MNTB area (Turecek and Trussell, 2002) .
Borosilicate glass electrodes for whole-cell postsynaptic recording had resistances of 2-3 M⍀ when filled with pipette solution; series resistances during recordings were Ͻ5 M⍀ and were compensated electronically by 90%. Presynaptic and postsynaptic cells were voltage-clamped to 0 mV or Ϫ70 mV, unless otherwise indicated. For recordings from presynaptic terminals, the electrodes were 5-6 M⍀, with series resistances of 10 -15 M⍀, compensated by 90%. Pipettes for presynaptic and postsynaptic whole-cell recording of glycine responses and mIPSCs contained the following (in mM): 125 CsMeSO 3 , 15 CsCl, 5 EGTA, 1 MgCl 2 , 10 HEPES, 4 ATP, 0.6 GTP, 10 phosphocreatine, and 0.4 Lucifer yellow, pH 7.25, 295 mOsm. Pipette solution for whole-cell recording of evoked IPSCs was supplemented with 2 mM N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium chloride (QX314). Pipettes for recording EPSCs contained the following (in mM): 135 CsF, 5 CsCl, 5 EGTA, 10 HEPES, 2 QX314, 4 ATP, 0.6 GTP, and 10 phosphocreatine, pH 7.25, 295 mOsm. Membrane voltages were corrected for pipette junction potentials.
Glycine receptor current responses were evoked by glycine applied by pressure ejection (Picospritzer III; General Valve). Pressure pipette parameters were similar for application of glycine to cell bodies and to terminals [3-4 m pipette tips, placed ϳ20 m from the cells, using 3-6 psi pressure (1 psi ϭ 6.89 kPa)]. IPSCs and EPSCs were elicited by voltage pulses (100 s, 5-10 V stimuli) delivered through a glass pipette. Current responses were recorded with an Axopatch 200B (Molecular Devices); signals were filtered at 1 kHz (glycine application) or at 10 kHz (synaptic currents), digitized at 2 kHz (glycine application) or at 20 kHz (synaptic currents), and acquired using pCLAMP software (Molecular Devices).
Glycine-evoked responses were recorded in the presence of HEPES-based aCSF supplemented with 0.5 M tetrodotoxin (TTX), 10 M 6,7-dinitroquinoxaline-2,3-dione (DNQX), and 5 M 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) to block voltage-gated sodium channels and glutamateevoked conductances. IPSCs and EPSCs were recorded in the presence of HCO 3 Ϫ -based aCSF supplemented either with 10 M DNQX and 5 M (R)-CPP (evoked IPSCs) or with 0.5 M TTX (mIPSCs). Reagents were obtained from SigmaAldrich, Tocris Bioscience, and Alomone Labs.
Data analysis. Glycine-evoked responses and PSCs were analyzed using pClamp. The peaks of IPSCs and EPSCs were measured with respect to a baseline current just preceding the stimulus artifact. Exponential IPSC decays were fitted using the Chebyshev algorithm. Twenty IPSCs from each cell were fitted and the results averaged. To obtain a plateau current during the 100 Hz train of IPSCs, individual baselines preceding the last 10 IPSCs in a train were analyzed and averaged. The decay time of a train of IPSCs was quantified by fitting of decay of 10 averaged trains to a doubleexponential function. Glycinergic mIPSCs were identified based on their fast kinetics (decay time constant Ͻ 4 ms; Awatramani et al., 2005b) and their sensitivity to strychnine (0.3 M). For each cell, mIPSCs were collected from 10 min long recordings acquired before, during, and after bath application of a drug. The results are presented as mean Ϯ SD with n indicating the number of cells studied. For statistical comparison of the experimental data, paired Student's t test was used. A probability level of p Ͻ 0.05 was chosen to represent statistical significance.
Results

Pharmacology of postsynaptic GlyRs in MNTB
To reveal the subunit compositions of postsynaptic GlyRs in MNTB, we analyzed the sensitivity of glycine-evoked currents. One second puffs of 100 M glycine to the somata of principal cells (Fig. 1A ) evoked strychnine-sensitive currents that reversed close to the chloride equilibrium potential of Ϫ56 mV (Wu and Kelly, 1995; Kungel and Friauf, 1997; Trussell, 2001, 2002; Price and Trussell, 2006) . The responses had a mean maximal amplitude of 5.45 Ϯ 4.79 nA (n ϭ 36) at a holding potential of ϩ10 mV. Picrotoxin (PTX; 50 M), which blocks ␣ homomeric GlyR but not ␣/␤ heteromeric GlyR (Schmieden et al., 1989; Lynch et al., 1995; Wang et al., 2006) , did not significantly reduce the amplitudes of glycine-evoked currents (6.6 Ϯ 19.3% reduction, n ϭ 10, p ϭ 0.348; Fig. 1 B, F ) suggesting the involvement of heteromeric GlyRs. To support this conclusion, postsynaptic GlyRs were also examined using ICS 205.930 (tropisetron), previously shown to potentiate responses of ␣/␤ heteromeric GlyRs activated by subsaturating concentrations of agonist (Chesnoy-Marchais, 1996; Supplisson and Chesnoy-Marchais, 2000; Yang et al., 2007b) . We found that the maximal amplitudes of 15 M glycine-evoked responses (0.33 Ϯ 0.23 nA, n ϭ 6) were potentiated nearly threefold in the presence of 1 M ICS 205.930 (0.90 Ϯ 0.76 nA; p ϭ 0.047; Fig. 1C ). Thus, the results are consistent with an ␣/␤ heteromeric composition of postsynaptic GlyRs in the MNTB.
Our next experiments identified pharmacologically the subtype of ␣-subunit participating in postsynaptic GlyR heteromers. We used 5 M cyanotriphenylborate (CTB), shown to preferentially block the ␣1-subunit-containing receptors in a voltagedependent manner (Rundström et al., 1994) . As shown in Figure  1D , 5 s coapplication of CTB and glycine to MNTB principal cells clamped at ϩ10 mV evoked current responses characterized by a strongly accelerated decay phase following a relatively unaffected peak response. Subsequent coapplications of CTB and glycine evoked currents that were strongly inhibited. The maximal amplitude of currents after 10 coapplications was reduced to 26.1 Ϯ 7.7% of control (n ϭ 8, p ϭ 0.008; Fig. 1 D, F ). The inhibition was relieved when the membrane potential was held at Ϫ70 mV and glycine was applied in CTB-free solution (data not shown). This observation was consistent with use-dependent block of GlyRs by CTB (Zhorov and Bregestovski, 2000) and suggested that postsynaptic GlyRs in MNTB contained ␣1-subunits.
A possible contribution of other ␣-subunit subtypes was tested using cyclothiazide (CTZ; 100 M) and picrotoxinin (PXN; 10 M), previously observed to specifically inhibit ␣2-and ␣3-subunit-containing GlyRs, respectively (Yang et al., 2007a; Zhang et al., 2008) . Current responses evoked by 5 s applications of glycine to MNTB principal cells were not significantly reduced in the presence of CTZ ( Fig. 1 E, F ; control: 4.37 Ϯ 1.77 nA, CTZ: 3.88 Ϯ 2.53 nA; n ϭ 6; p ϭ 0.378). The low sensitivity of the responses to the drug indicated that ␣2-subunit did not significantly contribute to postsynaptic GlyR population. Application of PXN also did not affect the amplitude of glycine-induced currents ( Fig. 1F ; control: 3.06 Ϯ 2.41 nA, PXN: 3.09 Ϯ 2.08 nA; n ϭ 6, p ϭ 0.928) arguing against the presence of ␣3-subunits in postsynaptic GlyRs. We therefore conclude that functional GlyRs expressed by MNTB principal cells are formed as ␣1/␤ heteromers.
Pharmacology of synaptically activated receptors
To reveal possible differences between synaptic and extrasynaptic GlyRs in MNTB principal cells, we examined the pharmacology of synaptic responses. IPSCs were first elicited by low-frequency (0.1 Hz) stimulation of glycinergic fibers ( Fig. 2A) tudes of 2.96 Ϯ 2.48 nA at 0 mV (n ϭ 28) with 0.6 Ϯ 0.2 ms rise time. Similar to exogenous glycine-evoked responses, the amplitudes of IPSCs were not significantly reduced in the presence of PTX (to 96.3 Ϯ 11.9%, n ϭ 8, p ϭ 0.201) suggesting a heteromeric composition of synaptic GlyRs (Fig. 2B) . In contrast to glycine-evoked responses, the maximal amplitude of IPSCs was unchanged in the presence of CTB (Fig. 2C) . We assumed that unlike the pharmacological stimulation of GlyRs, synaptically released glycine only briefly activated GlyR-associated ion channels, insufficient to permit a significant block by the drug. To prolong the activation time of synaptic GlyRs and thereby increase their sensitivity to CTB, IPSCs were repetitively stimulated at high frequency. Figure 2C shows a strong reduction (to 37.1 Ϯ 18.4%, n ϭ 6, p ϭ 0.032) of the amplitude of single IPSC recorded after 30 trains of 50 IPSCs elicited at 100 Hz in the presence of CTB. This indicated that the receptors actually were sensitive to the drug and implied an involvement of the ␣1-subunits. The decay time of single IPSCs recorded after the trains was not significantly changed by CTB (Fig. 2C) . In control experiments, 30 trains delivered in the absence of CTB did not lead to significantly reduced peak amplitude of single low-frequency IPSCs recorded after the trains (by Ϫ0.4 Ϯ 16.1%, n ϭ 9, p ϭ 0.980) (data not shown). We also tested effects of CTB on the amplitude of spontaneous glycinergic mIPSCs (see Materials and Methods). Twenty minute long exposure to CTB of MNTB principal cells held at 0 mV caused a decrease of the average mIPSC amplitude from 142.3 Ϯ 8.0 to 93.2 Ϯ 22.4 pA (n ϭ 4, p ϭ 0.016). This observation was consistent with the data obtained from evoked IPSCs and indicated the presence of ␣1-subunits in postsynaptic receptors.
Unlike effects on responses to a low concentration of glycine, the amplitude of low-frequency IPSCs was not significantly increased in the presence of ICS 205.930 (by Ϫ1.9 Ϯ 10.1%, n ϭ 6, p ϭ 0.438) (Fig. 3A) . The drug, however, reversibly increased average amplitude of glycinergic mIPSCs (124.1 Ϯ 36.3 pA) by 25.0 Ϯ 10.2% (n ϭ 8, p ϭ 0.004) (Fig.  3C-E) . Also, the amplitudes of evoked IPSCs recorded at higher stimulus rates were potentiated by ICS 205.930. Figure 3F shows trains of 50 IPSCs elicited at 100 Hz in the absence or presence of the modulator. During control trains, IPSCs gradually depressed, reaching a steady-state level (calculated as the average of the last 10 IPSCs), which was 20.9 Ϯ 7.9% (n ϭ 14) of the first IPSC. In ICS 205.930, the IPSCs declined less, to 26.2 Ϯ 8.3% of the first IPSC ( p ϭ 0.002; Fig. 3F-H ) . In contrast, the ratio between the peaks of the second and the first IPSCs in a train was not significantly changed in the presence of ICS 205.930 (from 0.83 Ϯ 0.16 to 0.76 Ϯ 0.19, p ϭ 0.321; Fig. 3H ) suggesting that the effect of the drug did not result from a presynaptic mechanism. Thus the data indicate that synaptically activated GlyRs are sensitive to ICS 205.930. Together, the results are consistent with a ␣1/␤ heteromeric formation of synaptic GlyRs. Responses of these receptors showed similar pharmacological properties as currents induced in the whole cells by exogenous glycine application. We therefore suggest that the subunit compositions of extrasynaptic GlyRs and synaptic GlyRs in MNTB principal cells are similar.
Interestingly, IPSCs at 100 Hz did not fully decay to baseline between each stimulus, thus generating a tonic IPSC during the train (Fig. 3F ) (Fig. 3F-H) . The increase was accompanied by a significant prolongation of the recovery of the last IPSC in a train (Fig. 3F) . The recovery phase was fitted to double exponential function and a mean amplitude-weighted time constant was then calculated. The time constant was increased from a control value of 0.20 Ϯ 0.11 s to 0.31 Ϯ 0.19 s in the presence of ICS 205.930 (n ϭ 8, p ϭ 0.017). The prolongation of the decay likely reflected the slow removal of accumulated glycine after the train, as the mean decay constant of low-frequency IPSCs fitted to three exponential functions was much less modified by the drug (control: 7.0 Ϯ 2.3 ms, ICS 205.930: 8.1 Ϯ 2.4 ms, n ϭ 10, p ϭ 0.003) (Fig. 3A,B) . This result suggested that the sensitivity of the cells to glycine accumulation during repetitive stimulation was significantly enhanced by ICS 205.930. It also suggests that postsynaptic GlyRs normally do not fully respond to accumulated glycine and its presence could be unmasked after experimental increase of affinity of postsynaptic GlyRs.
Localization of postsynaptic GlyRs in MNTB of adult rats
Localization and subunit composition of GlyRs in adult MNTB was studied using immunohistochemical methods. To discriminate between presynaptic and postsynaptic MNTB structures, we labeled calyces of Held with antibodies raised against calretinin (CR) or Rab3a (Fig. 4A) (Lohmann and Friauf, 1996; Felmy and Schneggenburger, 2004) . MNTB principal cells were labeled either with calbindin (CaBP) antibody (Fig. 4F ) or by retrograde tracer, the BDA (Fig. 4G) (Veenman et al., 1992; Friauf, 1993; Felmy and Schneggenburger, 2004) . GlyRs were labeled with mAb2b primary antibody recognizing an extracellular epitope (the first 10 N-terminal amino acids) of the ␣1-subunit (Pfeiffer  et al., 1984) . The staining revealed membrane-delimited clusters, which did not colocalize with either anti-Rab3a or anti-CR fluorescence signals, demonstrating a postsynaptic locus of the receptors (Fig.  4 B, C) . Almost all of the clusters were apposed to vesicular inhibitory amino acid transporter (vGAT)-positive nerve endings (Fig. 4E) , and many were organized in the striking rosettes typical for GlyRs reported in other cell types (Fig. 4D) (Alvarez et al., 1997; Wojcik et al., 2006) . We counted numbers of rosettes per cell in coronal sections cut through the central region of MNTB, finding in 161 of 192 cells 3.7 Ϯ 2.4 rosettes/cell (range 1-12, five rats). Interestingly, the anti-␣1-positive clusters were also observed on dendritic shafts and proximal parts of postsynaptic axons, extending up to ϳ20 m from the soma (Fig. 4E-G) , suggesting localization of GlyRs at the axon initial segment (Smith et al., 1998; Korada and Schwartz, 1999) .
To reveal the presence of other subtypes of ␣-subunit in mature MNTB neurons we have labeled brainstem slices with primary antibodies raised against ␣2-or ␣3-subunits. None of the antibodies provided a specific labeling of MNTB neurons (Fig. 5 A, B) , whereas these antibodies did specifically label ␣2-and ␣3-subunits in mouse retina (data not shown). This suggested that ␣2 and ␣3 proteins were not significantly expressed by postsynaptic MNTB neurons.
The next experiments determined the localization of GlyR ␤-subunit in MNTB neurons of adult rats. The presence of GlyR ␤-subunit was examined using the mAb7a antibody raised against the ␤-subunit-associated protein, gephyrin (Kirsch et al., 1991) , previously localized in MNTB of juvenile mice (Leao et al., 2004) . The antibody labeled membrane-delimited clusters and codistributed with the ␣1 GlyR signals (Fig. 5C ). The colocalization was analyzed for all identified principal cells in 11 MNTB sections and 96.4 Ϯ 7.9% coincidence was found. The clusters occupied both somatic and dendritic compartments and were also present at postsynaptic axons (data not shown). While we cannot exclude that gephyrin-positive clusters also contained GABA A receptors (Fritschy et al., 2008) , we suggest that the colocalization of gephyrin and GlyR ␣1 in mature MNTB principal cells indicated the presence of heteromeric postsynaptic GlyRs as the ␣1-subunits were found to distribute diffusely in the absence of gephyrin (Feng et al., 1998) .
Pharmacology of GlyRs in calyces and bushy cells
We next explored the subunit composition of GlyRs expressed by the calyces of Held, as well as by their parent cell bodies, the GBCs of the ventral cochlear nucleus (Wu and Oertel, 1986) . Whole-cell recordings were made on calyces, as described previously (Turecek and Trussell, 2001) (Fig. 6A) . In contrast to postsynaptic glycine responses, glycine-evoked currents recorded from calyces of Held (0.11 Ϯ 0.08 nA at 0 mV, n ϭ 20) were markedly reduced in the presence of PTX (64.2 Ϯ 12.5% reduction, n ϭ 8, p ϭ 0.016; Fig calyceal GlyRs lack the ␤-subunit. The receptors also showed a high sensitivity to CTB (Fig. 6C,E) . Maximal amplitudes of their current responses were nearly eliminated after two consecutive coapplications of glycine and CTB (control: 75.1 Ϯ 49.0 pA; CTB: 8.0 Ϯ 3.3 pA; n ϭ 5, p ϭ 0.041). Finally, the receptors showed only slight sensitivity to PXN (10 M), with inhibition of only 20.3 Ϯ 7.1% (n ϭ 5, p ϭ 0.068; Fig.  6D,E) . Therefore, we conclude that calyceal GlyRs are formed as ␣1 homomers.
To determine a physiological relevance of calyceal ␣1 homomers, we tested their involvement in the facilitation of glutamate release previously reported for presynaptic GlyRs in the calyx of Held (Turecek and Trussell, 2001) . We recorded glutamatergic EPSCs elicited every 20s in MNTB principal cells held at Ϫ60 mV (Fig. 6F ). Application of glycine (100 M) evoked a gradual elevation of EPSC amplitude by 31.7 Ϯ 9.0% (n ϭ 7, p ϭ 0.003; Fig. 6G,H) . When EPSCs were stimulated with high-frequency trains (10@100 Hz), the potentiation of the first EPSC in a train was accompanied by a greater use-dependent reduction of subsequent EPSCs (Fig. 6I ). This increase in short-term depression of EPSCs was consistent with an enhanced glutamate release probability by presynaptic GlyRs (Turecek and Trussell, 2001; von Gersdorff and Borst, 2002; Awatramani et al., 2005a; Hori and Takahashi, 2009 ). The modulatory effects of glycine were significantly attenuated when the agonist was coapplied together with 50 M PTX (Fig. 6G-J ) . The potentiation of lowfrequency EPSCs dropped to 12.0 Ϯ 7.7% ( p ϭ 0.003) and the depression of high-frequency EPSCs was relieved to levels insignificantly different from those obtained in the absence of glycine (Fig. 6 I, J ) . Thus the data show that a mechanism of the glycine-induced EPSC facilitation was sensitive to PTX suggesting that presynaptic ␣1 homomeric GlyRs can modulate release of glutamate from the calyx.
The composition of GlyRs expressed on the soma of GBCs of the ventral cochlear nucleus was also examined. Glycine-evoked currents were recorded from labeled cell bodies voltage-clamped at ϩ10 mV (Fig. 7A,B) . Unlike the GlyR of nerve terminals, somatic receptors reacted in a way typical for ␣/␤ heteromers. Maximal amplitudes of their responses were not significantly altered in the presence of PTX (from 10.85 Ϯ 3.49 nA to 10.47 Ϯ 3.85 nA, n ϭ 6, p ϭ 0.484; Fig. 7C ), while they were potentiated by ICS 205.930 (from 1.01 Ϯ 1.29 nA to 2.18 Ϯ 2.52 nA, n ϭ 7, p ϭ 0.049; Fig. 7D ). The receptors contained the ␣1-subunits as current responses to 10 coapplications of glycine and CTB were reduced by 69.6 Ϯ 16.9% (n ϭ 6, p ϭ 0.018; Fig. 7E ). CTB did not induce any significant inhibition of currents recorded from somata of bushy cells held at Ϫ80 mV (data not shown). Altogether, the data reveal differences in the properties of glycine responses obtained from somatic and calyceal compartments and suggest that GlyRs have different molecular composition in these areas. Somatic receptors appear to be formed as heteromers composed of ␣1-and ␤-subunits whereas the receptors at nerve terminals are largely homomers of ␣1-subunits.
Presynaptic GlyRs at mature calyx of Held synapse
Our electrophysiological experiments suggest that presynaptic and postsynaptic GlyRs at the calyx of Held synapse differ with respect to the presence of the ␤-subunit. It is well accepted that binding of GlyR ␤-subunit to gephyrin is required for anchoring and concentration of the receptors at postsynaptic sites (Kneussel and Betz, 2000b; Moss and Smart, 2001; Kneussel and Loebrich, 2007; Fritschy et al., 2008) . Calyceal GlyRs lacking the ␤-subunit would therefore be expected to have a diffuse distribution in presynaptic membrane. To test this, pre-embedding immunogold labeling of calyceal GlyRs was investigated by high-resolution electron microscopy (Triller et al., 1985; Kulik et al., 2003) . To help to distinguish between presynaptic and postsynaptic localization of immunogold particles, we used rabbit primary antibody recognizing an intracellular epitope of the GlyR ␣1-subunit. The antibody labeled GlyRs on MNTB principal cells with the pattern similar to what we have found using the standard mAb2b antibody (Fig. 8A) . Figure 8B shows an example of a cross section through a mature calyx of Held synapse. Calyceal nerve terminals were identified as vGluT1-positive structures surrounding MNTB principal cells (Smith et al., 1998; Billups, 2005) . Immunogold particles had a membrane-delimited localization in calyceal processes (Fig. 8C,CЈ) . The average distance between the middle of an immunogold particles and the inner edge of presynaptic membrane, 19.6 Ϯ 11.6 nm, was similar to that found in spinal cord neurons (Triller et al., 1985) and suggested that immunogold particles specifically labeled presynaptic ␣1 GlyR subunits. In three dimensionally reconstructed terminal, the immunoparticles appeared to have a dispersed horizontal distribution showing no apparent association to synaptic sites (Fig.  8D) . In contrast, postsynaptic immunogold particles were densely packed in symmetrical synaptic contacts between vGluT1-immunonegative, putative inhibitory, nerve terminals, and somata of principal cells (Fig. 8E) . Moreover, single particles located outside of inhibitory synapses were occasionally observed suggesting a presence of extrasynaptic GlyRs on MNTB principal cells (Fig. 8C,CЈ) . Clustered distribution of immunogold particles in postsynaptic membrane was also observed when we used the anti-gephyrin antibody while no specific labeling of gephyrin was found in presynaptic nerve terminals (Fig. 8F ) .
The final set of experiments sought to determine the subunit composition of somatic GlyRs of mature GBCs using confocal microscopy. We observed a punctate staining pattern of anti-␣1immunoreactivity (mAb2b) showing no colocalization with anti-Rab3a fluorescence signals (Fig. 9A) . Neither ␣2-nor ␣3-subunit antibodies provided a specific labeling in GBC bodies (data not shown) suggesting that these subunits do not significantly contribute to the formation of GlyRs in these cells. On the other hand, cell bodies were strongly immunoreactive for gephyrin ( Fig. 9B) (Lim et al., 1999 (Lim et al., , 2000 . Anti-␣1 and anti-gephyrin fluorescence signals were tightly colocalized suggesting that GlyRs expressed by GBCs contained ␤-subunits (data not shown). Thus, in contrast to the ␣1-subunit, GlyR ␤-subunit is differently distributed among somatic and nerveterminal compartments of bushy cells. Together, the immunocytochemical data are consistent with our electrophysiology findings, and indicate that nerve terminals of GBCs contain ␣1 homomeric GlyR, while postsynaptic MNTB cells and presynaptic soma express ␣1/␤ heteromeric GlyRs.
Discussion
Subcellular distribution of GlyR subunits in MNTB neurons
All GlyRs of MNTB and bushy cells contained the ␣1-subunit, but with distinctly different distributions depending upon their membrane compartment: receptors on somata or dendrites were clustered, whereas GlyRs in calyceal nerve terminals displayed a diffuse membrane distribution. This difference was accompanied by a differential distribution of GlyR ␤-subunits into presynaptic and postsynaptic compartments. The ␤-subunit-associated protein, gephyrin, is an important for targeting and anchoring of GlyR subunits at postsynaptic sites (Kneussel and Loebrich, 2007; Fritschy et al., 2008; Specht and Triller, 2008; Dumoulin et al., 2009) . Our examination of adult rat MNTB slices using immunoelectron microscopy revealed an accumulation of gephyrin at postsynaptic sites, whereas no gephyrin was detected in presynaptic terminals. The ␣1 homomeric form of presynaptic GlyRs and the diffuse distribution of subunits could therefore result from the absence of gephyrin in the calyx. This hypothesis is supported by reports showing that inactivation of the gephyrin gene leads to diffusely distributed ␣1 homomeric receptors in cultured neurons (Feng et al., 1998) .
Numerous mechanisms of gephyrin trafficking, targeting, and maintenance have been explored and many appear to depend on neuronal activity (Kneussel and Betz, 2000b; Maas et al., 2009; Bausen et al., 2010; Charrier et al., 2010; Tyagarajan et al., 2011) . It is therefore possible that in adult calyces of Held, membrane gephyrin is removed due to an as yet unidentified mechanism triggered by sensory activity. Previously, we have found that some GlyR channels expressed in immature rat calyces before the onset of hearing open to low-conductance states characteristic for ␣/␤ heteromeric receptors (Turecek and Trussell, 2002) . This might mean that gephyrin and/or ␤-subunit could be expressed in immature calyces and that their absence in presynaptic terminals is not a general phenomenon. Additional experiments showing developmental regulation of gephyrin and/or ␤-subunits in the calyx of Held are needed to determine whether these proteins are removed as synapses mature.
In contrast to the ␤-subunit, the ␣1-subunit is a major component of both presynaptic and postsynaptic GlyRs in MNTB neurons. Previous reports demonstrated [
3 H]strychnine-binding sites, mRNA, or protein of GlyR ␣1-subunit in rat or gerbil MNTB (Zarbin et al., 1981; Sato et al., 1995; Friauf et al., 1997; Korada and Schwartz, 1999; Sato et al., 2000; Piechotta et al., 2001) . While the ␣1-containing heteromeric GlyRs mediate the majority of glycinergic synaptic transmission in the mature nervous system, evidence indicates functional ␣2/␤ and ␣3/␤ receptors in adult mice or rats (Lynch, 2009 ). In the MNTB and cochlear nucleus isolated from young adult rats, mRNAs of both ␣2 and ␣3 GlyR subunits were detected (Sato et al., 1995; Piechotta et al., 2001) . Our immunohistochemistry and electrophysiology, however, did not detect these subunits in juvenile or adult rat MNTB slices suggesting that they may not significantly contribute to functional GlyRs expressed by MNTB neurons of this age.
The apposition of clusters of somatodendritic ␣1/␤ GlyRs to vGAT-positive nerve endings indicated the localization of the receptors at postsynaptic sites (Dumoulin et al., 1999; Korada and Schwartz, 1999) . Smaller GlyR-immunoreactive clusters in MNTB neurons were frequently organized into rosette-like groups (Alvarez et al., 1997) , previously identified in spinal motoneurons as corresponding to single presynaptic boutons (Walmsley et al., 1998) . Our observations of multiple synaptic active zones within a larger apposition region of inhibitory nerve terminal on MNTB principal cells (Fig. 8F ) are in agreement with this. In addition to somata and dendrites, the clusters of GlyRs also occupied proximal parts of postsynaptic axons of MNTB neurons suggesting that the receptors might play a role in modulation of postsynaptic action potential generation. Note the similar staining pattern to what has been observed with the antibodies raised against extracellular part of ␣1 (mAb2b). B, A single ultrathin section through a segment of the calyx (CH) surrounding the soma of the MNTB principal cell (PC). C, C, Two consecutive ultrathin sections of a CH establishing asymmetric synaptic contacts (asterisks) with the soma of an MNTB PC. Calyceal processes were immunostained for VGluT1 (peroxidases reaction end product) and also showed immunoreactivity for ␣1 (immunogold particles; arrows) along the extrasynaptic plasma membrane. Moreover, GlyR subunits were occasionally observed on plasma membrane of PCs (arrowheads). D, 3D alignment of 22 serial ultrathin sections (70 nm thick) of the same calyceal segment as in C showing disperse membrane distribution of presynaptic GlyRs (white dots) relative to glutamate release sites (green). E, Immunoreactivity for ␣1 (the same antibody as in A, C) was detected over the postsynaptic specialization (arrowhead) at symmetrical putative inhibitory synapses between vGluT1-negative terminals (Inh.) and somata of MNTB PCs. F, Electron micrograph of MNTB slice double labeled with anti-gephyrin (gold particles) and anti-vGluT1 (peroxidase). Several neighboring clusters of densely packed gold particles (arrowheads) were typically observed at the membrane of principal cells under single vGluT1-negative bouton (Inh.). Inset shows an example of symmetric synaptic contacts (asterisk) between vGluT1 negative terminal (Inh.) and a PC. Scale bars: A, B, 5 m; C, E, F, 0.5 m; inset in F, 0.25 m.
Pharmacological properties of GlyRs in MNTB neurons
Consistent with the subcellular distribution of GlyR subtypes suggested by our immunohistochemistry experiments, responses of presynaptic and postsynaptic GlyRs showed different sensitivities to subunit-specific drugs. We have found that calyceal but not somatodendritic GlyRs exhibited a high sensitivity to PTX confirming ␣ homomeric composition of functional GlyRs expressed in the calyx of Held (Lynch et al., 1995; Legendre, 1997) . Interestingly, ␣ homomeric GlyRs were also suggested on glycinergic endings in the rat spinal sacral dorsal commissural nucleus (Jeong et al., 2003) , supraoptic nucleus neurons, rod bipolar cells (Deleuze et al., 2005; Mørkve and Hartveit, 2009) , and hippocampal mossy fibers (Kubota et al., 2010 ; but see ). This implies that homomeric receptors may represent a common form of GlyRs in mature nerve terminals, thereby constituting a presynaptic equivalent of adult postsynaptic ␣1/␤ heteromeric receptors. Further experiments will be needed to determine whether this subunit composition is found for presynaptic GlyRs identified in other brain regions (Kawa, 2003; Ye et al., 2004; Karnani et al., 2011) .
Functional GlyRs on somatodendritic domains of MNTB principal cells and bushy cells could be classified as ␣/␤ heteromers based on their weak sensitivity to PTX and positive modulation by ICS 205.930. These observations complement similar findings previously made using PTX on type II neurons (putative bushy cells) of mice or guinea pigs (Wu and Oertel, 1986; Harty and Manis, 1996) . In rat, Kungel and Friauf (1997) discovered a high PTX-mediated inhibition of GlyRs in neonatal MNTB principal cells, which together with our data suggest a developmental transition from ␣2 homomers to ␣1/␤ heteromers (Lynch, 2004) .
Presynaptic and postsynaptic functional GlyRs in MNTB commonly use the ␣1-subunit as they are highly sensitive to CTB but show weak sensitivity to PXN or CTZ (Pribilla et al., 1992; Rundström et al., 1994; Kungel and Friauf, 1997; Wang et al., 2007; Yang et al., 2007a) . The evidence for presynaptic homomeric ␣1 is in line with the occurrence of ϳ90 pS events in singlechannel openings of calyceal GlyRs (Turecek and Trussell, 2002) . In fact, the large unitary conductance (Takahashi et al., 1992; Bormann et al., 1993) and slower rates of both the deactivation and desensitization Mohammadi et al., 2003) distinguish the ␣1 homomeric GlyR from its ␤-subunitcontaining variant. Such properties could make homomeric receptors better suited then heteromeric receptors in responding to low concentrations of endogenous agonist (Muller et al., 2008) . In accordance with this expectation, our previous experiments indicated activation of presynaptic GlyRs by glycine spillover (Turecek and Trussell, 2001) .
The ␣1/␤ heteromeric GlyRs are characterized by fast activation/deactivation kinetics well suited to mediating fast postsynaptic inhibition (Singer and Berger, 2000; Legendre, 2001; Burzomato et al., 2004; Muller et al., 2008) . Accordingly, both spontaneous and evoked IPSCs recorded from MNTB principal cells are indeed characterized by rapid rise times and decay phases (Lim et al., 2003; Awatramani et al., 2004; 2005b; Leao et al., 2004; Lu et al., 2008) . A rapid time course enables IPSCs to follow glycinergic transmission elicited at frequencies up to 500 Hz (Awatramani et al., 2004) . Moreover upon high-frequency stimulation, postsynaptic GlyRs did not fully respond to accumulated ambient glycine, as revealed by experimental increase of GlyR affinity in the presence of ICS 205.930 (Chesnoy-Marchais, 1996; Supplisson and Chesnoy-Marchais, 2000) . We suggest that the reduced sensitivity of synaptic/extrasynaptic GlyRs to low concentrations of glycine minimizes tonic IPSCs and may be an adaptive feature of neurotransmission mediated by ␣1/␤ heteromeric receptors. Such a property of inhibitory receptors could be important at this auditory synapse because experimentally induced tonic inhibition was shown to interfere with precise processing of sound-evoked signals by auditory brainstem (Pecka et al., 2008) .
In contrast to mIPSCs or tonic and phasic currents during high-frequency stimuli, low-frequency IPSCs were not potentiated by ICS 205.930. A similar observation was previously made using zinc and suggests high peak occupancy of GlyRs by synaptic glycine (Laube, 2002) . While synaptic GlyRs are not supposed to be saturated by single quanta (Suwa et al., 2001; Rigo et al., 2003; Beato, 2008) , their occupancy could be increased by lateral diffusion of agonist between postsynaptic sites, thus enhancing the amplitude of the compound IPSC (Faber and Korn, 1988) . Consistent with this idea, we observed the rise time of IPSCs to be moderately slower than that previously found for mIPSCs (Lim et al., 2003; Lu et al., 2008) , although the time course of exocytosis could contribute to this slowing as well. This view also suggests that a sensitivity of GlyRs to glycine spillover differs depending on the ligation state (Burzomato et al., 2004) . Increase of affinity of GlyRs by ICS 205.930 would then elevate amplitudes of tonic IPSCs and subsequently also high-frequency IPSCs. While addi- tional experiments would be needed to confirm this, we suggest that responses of postsynaptic GlyRs in MNTB tightly follow the timing of transmitter release, demonstrating a strikingly phasic character. This contrasts with presumably slow activation of presynaptic GlyRs by glycine spillover (Turecek and Trussell, 2001; Kopp-Scheinpflug et al., 2008) . The calyx of Held synapse therefore illustrates that the absence vs presence of the ␤-subunit in a receptor oligomer determines the "tonic" vs "phasic" character of the glycinergic transmission in the CNS (Betz and Laube, 2006) .
